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FIN219, an auxin-regulated gene, defines
a link between phytochrome A and the
downstream regulator COP1 in light
control of Arabidopsis development
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Light signals perceived by photoreceptors are transduced to negatively regulate COP1, a key repressor of
photomorphogenic development. To identify genes involved in light inactivation of COP1, a genetic screen
was employed to identify extragenic modifier mutations of a temperature-sensitive cop1 allele. One suppressor
mutation isolated also exhibited a far-red-specific long hypocotyl phenotype in a wild-type background.
Further phenotypic analyses of this new mutation, named fin219, suggested that it defines a novel
phytochrome A signaling component. Genetic analysis indicated that FIN219 interacts closely with another
phytochrome A signaling component, FHY1. Molecular characterization of FIN219 indicated that it encodes a
cytoplasmic localized protein highly similar to the GH3 family of proteins and its expression is rapidly
induced by auxin. In contrast to its loss-of-function mutant phenotype, overexpression of FIN219 results in a
far-red-specific hyperphotomorphogenic response. Our data suggest that FIN219 may define a critical link for
phytochrome A-mediated far-red inactivation of COP1 and a possible cross-talk juncture between auxin
regulation and phytochrome signaling.
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phytochrome signaling]
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Being fixed in space, plants have evolved highly plastic
developmental programs to adapt to the changing envi-
ronment. Light is one of the most influential environ-
mental factors that govern plant growth and develop-
ment (Kendrick and Kronenberg 1994). Besides providing
the energy source for plants via photosynthesis, light
also serves as an information signal about their sur-
roundings. Two major groups of photoreceptors help
plants to sense the changes in the quality, quantity, di-
rection, and duration of the light environment. They are
the red/far-red light-absorbing phytochromes and blue/
UV-A-absorbing cryptochromes and phototropin (for re-
view, see Deng and Quail 1999; Neff et al. 2000). Phyto-
chromes consist of a common chromophore covalently
attached to apoproteins, which are encoded by a gene
family with five members (PHYA–PHYE)i nArabidopsis.
Different phytochromes have distinct yet partially over-
lapping photosensory functions. For example, phyto-
chrome A is primarily responsible for mediating far-red
light-mediated inhibition of hypocotyl elongation during
seedling development, whereas phytochrome B is the
major photoreceptor for red light-mediated inhibition of
hypocotyl elongation.
In the light, phytochromes are capable of interconver-
sion between two distinct conformational states and ini-
tiate signal transduction events. Recent studies have re-
vealed a number of potential signaling components that
are either specific to an individual phytochrome or
shared by more than one phytochrome. For instance, ge-
netic analyses have identified FHY1, FHY3 (Whitelam et
al. 1993), SPA1 (Hoecker et al. 1998), FIN2 (Soh et al.
1998), and FAR1 (Hudson et al. 1999) as phytochrome
A-specific signaling components, whereas several other
genes, RED1 (Wagner et al. 1997), PEF2, and PEF3 (Ah-
mad and Cashmore 1996), have been defined as potential
phytochrome B-specific signaling intermediates. At the
same time, genetic and molecular approaches have also
identified potential signaling components that act down-
stream of both phytochrome A and phytochrome B. This
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(Genoud et al. 1998), PIF3 (Ni et al. 1998), PKS1
(Fankhauser et al. 1999), and NDPK2 (Choi et al. 1999).
On the other hand, biochemical approaches have implied
the involvement of trimeric G protein, calmodulin, and
cGMP in phytochrome signaling (Romero and Lam 1993;
Bowler et al. 1994; Neuhaus et al. 1997). It is evident that
each phytochrome may have both unique signaling com-
ponents and shared ones. However, it remains unclear as
to how those unique and shared signaling components
work together to transduce the light signal.
At the cellular level, light activation of both phyto-
chrome A and phytochrome B in the cytoplasm initiates
their nuclear import and accumulation (Sakamoto et al.
1996; Kircher et al. 1999; Yamaguchi et al. 1999). This
nuclear accumulation of phytochromes in the light
would indicate that phytochrome signaling entails both
cytoplasmic and nuclear events. Molecular identifica-
tion of four phytochrome signaling components included
both nuclear [PIF3 (Ni et al. 1998); SPA1 (Hoecker et al.
1999); FAR1 (Hudson et al. 1999)] and cytoplasmic [PKS1
(Fankhauser et al. 1999)] localized factors. Furthermore,
recent evidence supports a direct interaction and regula-
tion of a nuclear transcription factor (Ni et al. 1999) or an
enzyme (Choi et al. 1999) by the activated phytochromes
within the nucleus.
Genetic screens for mutants that display photomor-
phogenic development in darkness resulted in the iden-
tification of 11 pleiotropic COP/DET/FUS loci (Wei and
Deng 1999). The recessive nature of all these mutations
indicated that the pleiotropic COP/DET/FUSgene prod-
ucts act as negative regulators of photomorphogenesis.
Molecular and biochemical analyses of this group of
genes suggested that they might form four functional
entities: COP1, DET1, COP10, and COP9 signalosome,
which consists of eight distinct subunits (Wei and Deng
1999). Among these entities, COP1 was defined as a rate-
limiting or regulatory component in mediating the sup-
pression of photomorphogenesis in the dark and its ac-
tivity is negatively regulated by light (McNellis et al.
1994b; Osterlund et al. 1999). COP1 is a 76-kD protein
with a RING finger motif, a putative coiled–coil domain,
and multiple WD-40 repeats characteristic of the -sub-
unit of the trimeric G protein (Deng et al. 1992; McNel-
lis et al. 1994a). In contrast to phytochromes, COP1 is
enriched in the nuclei of the hypocotyl cells of dark-
grown seedlings and is excluded from these nuclei upon
exposure to light (von Arnim and Deng 1994). Recent
studies have suggested that COP1 acts within the
nucleus to directly interact with and negatively regulate
multiple transcription factors, which act to promote
light-regulated gene expression and development (Ang et
al. 1998; Yamamoto et al. 1998). This negative regulation
of target transcription factors by COP1 may involve tar-
geted degradation via the 26S proteasome (Osterlund et
al. 2000).
It has been demonstrated that phytochrome A, phyto-
chrome B, and cryptochromes are primarily responsible
for mediating far-red, red, and blue light inactivation of
COP1 (Ang and Deng 1994; Ang et al. 1998; Osterlund
and Deng 1998). However, little is known regarding how
light signals that are perceived by individual photorecep-
tors are transduced to regulate COP1 activity and its
cellular localization. To identify the players involved,
we have devised a genetic screen for extragenic suppres-
sors by employing the temperature-sensitive cop1-6 mu-
tant. Among a large number of extragenic suppressor loci
recovered, one modifier mutant, fin219 (far-red insensi-
tive 219), exhibited a long hypocotyl phenotype specific
to the far-red high irradiance response (FR-HIR) condi-
tion. Further characterization of this mutation indicated
that it defined a new signaling component that has a role
in the phytochrome A-mediated light inactivation of
COP1. Molecular cloning of this locus revealed that
FIN219 is an auxin-inducible gene and may represent a
cross-talk juncture between auxin response and light
regulation.
Results
The suppressor screen using a temperature-sensitive
cop1 allele
A screen to identify extragenic modifier mutations of a
given gene is most sensitive if using a mutation that
displays a level of gene activity at or close to the thresh-
old necessary for wild-type function (Simon et al. 1991).
Analyses of all available cop1 mutant alleles revealed
that cop1-6, a weak mutation encoding a COP1 protein
with five additional amino acids inserted between codon
301 and 302 (McNellis et al. 1994a), exhibits a tempera-
ture-dependent phenotype. When grown under ambient
temperatures below 28°C in darkness, cop1-6 exhibits
constitutively photomorphogenic development (Fig. 1A),
whereas it appears as the wild type when grown above
28°C. Besides the elongated hypocotyl and unexpanded
cotyledons in wild type-like phenotype, expression of
light-inducible genes such as CAB and RBCS was also
repressed in cop1-6 seedlings that were grown above
28°C (data not shown). Hence, cop1-6 is clearly capable
of providing levels of COP1 activity over the threshold
when the temperature is above 28°C.
To define the critical window during seedling devel-
opment in which COP1 activity is required, we germi-
nated the seeds of cop1-6 mutants in darkness at 30°C for
0 to 6 days before they were transferred to 22°C. To
assess the morphological changes of cop1-6, the hypo-
cotyl lengths and cotyledon sizes of 10-day-old cop1-6
seedlings were recorded. As shown in Figure 1, B and C,
cop1-6 seedlings that were grown at the permissive tem-
perature (30°C) for <2 days before they were transferred
to the nonpermissive temperature (22°C) had clearly as-
sumed different degrees of photomorphogenic develop-
ment. In contrast, seedlings that had been grown at the
permissive temperature for 2 days or more before the
transfer were largely committed to a normal (etiolation)
mode. The seedlings showed little expansion of their
cotyledons and their hypocotyls were elongated. These
data indicated that COP1 activity was critically required
during the initial 2 days during seedling development to
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grams.
On the basis of the observation above, we designed a
screen at the 3-day-old seedling stage for extragenic mu-
tations, which suppress the photomorphogenic pheno-
type of cop1-6 at 22°C. Twenty-six inheritable suppres-
sor mutations of cop1-6 were recovered and further ge-
netic complementation tests indicated that they defined
19 extragenic suppressor loci (see Materials and Meth-
ods). As a first step in analyzing these new mutants, we
decided to focus on the extragenic mutations that also
exhibited specific light-regulatory defects in a wild-type
background. To this end, the extragenic suppressors
were outcrossed to wild-type plants and the resulting F2
progenies were examined for the segregation of novel
phenotypes. An extensive analysis of possible pheno-
types under various light conditions revealed two sup-
pressor loci that exhibited their own phenotypes in a
wild-type background. One was the HY5 locus (Ang et al.
1998), and the other exhibited a far-red light-specific long
hypocotyl phenotype. The latter mutation identified a
new locus, FIN219, which is the focus of this report (see
below).
Genetic interaction between cop1 and fin219
The original suppressor line (2A9) that segregated the
fin219 mutation exhibited a complete wild-type pheno-
type in dark-grown seedlings at 22°C (Fig. 1A, c). In the
cop1-6 background, the suppressor mutation behaved in
a dominant manner. However, after three generations of
backcrosses to the parent cop1-6 mutant line, the sup-
pressor phenotype weakened and lost its ability to sup-
press the cotyledon opening and enlargement (Fig. 1A, d).
Therefore, it is most likely that the initial suppressor
line contains background mutations that enhance the
suppressor mutation phenotype. To confirm that the
fin219 mutation segregating from the initial suppressor
line is the suppressor mutation, it was reintroduced into
a cop1-6 mutant background. The double mutant of
fin219 and cop1-6 developed similarly to the backcrossed
suppressor mutant shown in Figure 1A (d).
The fact that the fin219 mutation can suppress the
phenotype of cop1-6 in a dominant fashion is consistent
with the notion that fin219 normally regulates COP1
activity negatively and its loss of function (even a 50%
reduction in the heterozygote) would effectively result in
an increase in COP1 activity over its threshold require-
ment in the cop1-6 mutant background. To support the
notion that COP1 acts downstream of FIN219, fin219
was introduced into cop1-5, a null allele of cop1,b yg e -
netic crosses. Double mutants of fin219/cop1-5 were
grown in the dark and light and compared with the pa-
rental strains. In both dark and light growth conditions,
fin219/cop1-5 double mutants resembled the cop1-5 mu-
tant, indicating that cop1 is epistatic to fin219 (data not
shown). Hence, COP1 likely acts downstream of FIN219.
FIN219 is a novel locus involved in far-red-mediated
inhibition of hypocotyl elongation
In a wild-type background, the far-red long hypocotyl
phenotype of fin219 is largely a loss-of-function muta-
tion, with a slightly semidominant effect in heterozy-
gotic seedlings. As shown in Figure 2, homozygous
fin219 mutant seedlings exhibited a long hypocotyl phe-
notype only under continuous far-red light and no obvi-
ous defect under red, blue, or white light or in complete
darkness (Fig. 2A,C). By comparing the seedling pheno-
types of fin219 mutants that were grown under far-red
light for 2–6 days, it is clear that far-red induction of
cotyledon development is delayed in fin219 mutants as
well (data not shown). Hence, the fin219 mutant seems
to be defective in phytochrome A-mediated FR-HIR.
This phenotype resembles that of the phyA mutants and
those mutants (fhy1, fhy3, fin2, far1) defective in PHYA-
specific signaling processes (Parks and Quail 1993; Na-
gatani et al. 1993; Whitelam et al. 1993; Soh et al. 1998;
Hudson et al. 1999).
To determine if fin219 defines a new locus, genetic
complementation tests among fin219 and fhy1, fhy3, and
phyA were carried out. The F2 progenies of all three pair-
wise crosses segregated wild type and long hypocotyl
mutants under continuous far-right light, indicating that
Figure 1. Seedling growth characteristics of the cop1-6 mutant
and its suppressor. (A) Wild-type Columbia (a), cop1-6 (b), sup-
pressor line 2A9 (c), double homozygous mutant fin219/cop1-6
(d), and fin219 (e) were grown in the dark for 4 days. Panels a–e
were taken under the same magnification; close-ups of their
cotyledons are represented at the bottom of each panel. (B,C)
Seedlings of cop1-6 and wild type were grown in the dark at
30°C for 0-to-6 days before they were transferred to 22°C. The
hypocotyl lengths (B) and cotyledon area (C)o f2 5s e e d l i n g s
from each treatment were measured at 10 days postgermina-
tion. The error bars represent standard deviations.
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genetic mapping of fin219 also indicated that it is located
in a chromosomal region distinct from fin2 (Soh et al.
1998) and far1 (Hudson et al. 1999). Hence, fin219 de-
fines a new locus distinct from all previously reported
far-red-specific long hypocotyl mutations.
The fin219 mutant is not defective in phytochrome A
and COP1 accumulation
Because the fin219 mutant is specifically defective in
FR-HIR, it is important to test whether fin219 specifi-
cally affects PHYA abundance or its downstream sig-
nalings. To examine a possible effect of fin219 on the
accumulation of PHYA, we examined PHYA levels by
Western blot. As shown in Figure 2B, fin219 expresses
wild-type levels of PHYA protein, similar to fhy1 and
fhy3. This result indicates that fin219 does not affect the
accumulation of PHYA apoprotein. Furthermore, be-
cause fin219 is specifically defective in response to far-
red but not red or white light, it is unlikely that fin219
would affect chromophore biogenesis. This is because a
general defect to far-red, red, and white light responses
would be anticipated for chromophore biogenesis mu-
tants, as in the case of hy1 and hy2 (Koornneef et al.
1980; Parks and Quail 1991).
As moderate elevation of COP1 would result in a long
hypocotyl phenotype (McNellis et al. 1994b), a possible
far-red-specific COP1 protein level elevation in fin219
was examined. As shown in Figure 2B, fin219 mutants
accumulated wild-type levels of COP1 protein in far-red
light. Thus, the long hypocotyl in far-red light observed
in fin219 is not likely a result of far-red-specific COP1
elevation.
Far-red-dependent germination and greening block
are not affected by fin219
To further determine the role of FIN219, the effect of the
fin219 mutation on several other PHYA-mediated re-
sponses was examined. It was reported that phyto-
chrome A is responsible for far-red light-dependent ger-
mination after extended cold treatment (Shinomura et
al. 1994) and far-red greening block (Barnes et al. 1996).
As shown in Figure 3A (a), fin219 mutants largely retain
normal far-red light-dependent germination, and their
germination rate is even enhanced by far-red light in
comparison to their wild-type control. This result indi-
cated that the fin219 mutant is not defective in phyto-
chrome A-mediated germination in far-red light. This
property of fin219 is similar to fhy1, fhy3 (Barnes et al.
1996), and fin2 (Soh et al. 1998) mutants. On the other
hand, the result shown in Figure 3A (b) indicates that the
greening of far-red light-grown fin219 seedlings is com-
pletely blocked, similar to that of wild type and contrast-
ing with that of phyA and fhy1 mutations.
The fin219 phenotype is modified by sucrose
Compared to other far-red-specific long hypocotyl mu-
tants, the fin219 phenotype exhibits unique sucrose de-
pendence. As shown in Figure 3A (c), exogenously ap-
plied sucrose enhances hypocotyl elongation in fin219
more than in wild type, thus leading to a large difference
in hypocotyl lengths between fin219 and wild type at
moderate sucrose concentrations (1% sucrose). Similar
effects of sucrose on anthocyanin accumulation were
also observed (Fig. 3A, d). These characteristics of fin219
mutants are different from those of fhy1 and fhy3, whose
phenotypes are not significantly modified by exogenous
sucrose (Whitelam et al. 1993).
The fin219 mutation affects far-red light induction
of gene expression
Phytochrome A is also involved in far-red light induction
of gene expression. This response has been used success-
fully to characterize the putative phytochrome A signal-
ing component mutant fhy1 (Barnes et al. 1996). To fur-
Figure 2. Phenotypic characterization of the fin219 mutant.
(A) Three-day-old wild-type and fin219 mutant seedlings grown
under continuous far-red light. (WT) Wild type Columbia. (B)
Western blot analysis of wild type and fin219 for PHYA and
COP1 protein levels. The protein extracts were prepared from
6-day-old far-red light-grown seedlings, and equal amounts of
total protein were loaded onto each lane. PHYA and COP1 pro-
tein bands detected by the corresponding antibodies are indi-
cated. (C) The average hypocotyl lengths of 6-day-old seedlings
grown under blue (B), red (R), far-red (FR) light, or in darkness (D)
(n = 25). (Col.) Columbia; (Ler) Landsberg. Error bars represent
standard deviations.
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ing, far-red light induction of CHS and CAB gene
expression in fin219 and wild type was examined. Simi-
lar to fhy1 and phyA mutants, induction of CHS and
CAB gene expression in fin219 was notably compro-
mised (Fig. 3B). Therefore, fin219 has a role in phyto-
chrome A-mediated far-red light induction of gene ex-
pression. It is interesting to note that compared to the
Columbia ecotype, the Landsberg ecotype exhibited en-
hanced chlorophyll accumulation and far-red light in-
duction of both CAB and CHS genes. This may reflect
some ecotype-specific fine-tuning of light signaling.
fin219 and fhy1 show nonallelic noncomplementation
Complementation results between fin219 and fhy1 re-
vealed an interesting genetic interaction between the
two nonallelic mutations. Whereas both are loss-of-func-
tion mutations, fin219 exhibits a slightly semidominant
phenotype under our conditions. However, the fin219/
fhy1 transheterozygotes (fin219/+; fhy1/+) (Fig. 4A, d)
exhibited a severe deficiency in far-red light inhibition of
hypocotyl elongation similar to their homozygous paren-
tal mutants (Fig. 4A, e,f). This effect is not due to allelic
complementation, as wild-type seedlings segregated in
the F2 progeny. Hence, fin219 and fhy1 mutations appear
to show nonallelic noncomplementation. To rule out the
possibility that the long hypocotyl in F1 progeny might
be due to hybrid vigor, as the fin219 and the initial fhy1
mutations used are from different ecotypes, similar
crosses were done with fin219 and two other fhy1 alleles
derived from the same Columbia ecotype. The same
nonallelic noncomplementation was observed in both
crosses (data not shown). Hence, the noncomplementa-
tion between fin219 and fhy1 mutations is more likely a
result of genetic interactions between these two muta-
tions. As FHY1 is a well-defined component in the phy-
tochrome A-mediated FR-HIR pathway, this observation
further supports the notion that FIN219 may provide the
bridge between the photosensing phytochrome A and the
downstream negative regulator of photomorphogenic de-
velopment, COP1.
Positional cloning of FIN219
To clone FIN219, PCR-based simple sequence length
polymorphism (SSLP) (Bell and Ecker 1994) markers
were used to map FIN219 to the lower arm of chromo-
some 2, below the SSLP marker nga168. After examining
1154 recombinant chromosomes, FIN219 was mapped to
one BAC clone (T7G15) located within the region bor-
dered by AthBio2 and 90J19T7 markers (Fig. 5A; Mate-
rials and Methods). An overlapping set of binary cosmid
clones were constructed from T7G15 and used to trans-
form fin219 mutants for functional rescue. Transforma-
tion of two cosmid clones (nos. 36 and 42), but not clone
39 (which contains the SPA1 gene), complemented the
mutant fin219, suggesting that the FIN219 gene must
reside in their overlapping region (see Materials and
Figure 3. The effect of fin219 on light-regulated development
and gene expression (A). Effect of the fin219 mutation on se-
lected light-regulated responses. (a) Far-red-light-inducible ger-
mination. The germination ratio was determined for the seeds
that were irradiated with far-red intensity light for 15 min and
kept in darkness at 22°C for 7 days (FR) or seeds kept in com-
plete darkness without exposure to any light for 7 days (D)
(n = 200). Error bars represent standard deviations. (b) Far-red
block of greening. Seedlings grown in darkness for 4 days (D) or
under far-red light for 4 days (FR) were transferred into white
light (L, ∼30 µmoles/m
2 per sec) for 4 days before extraction of
chlorophyll. (c,d) Sucrose dependency of the elongation of hy-
pocotyls and anthocyanin accumulation. Seeds were grown on
GM plates containing various concentrations of sucrose from
0% to 1% for 3 days under continuous far-red light. (WT) Wild-
type Columbia. (B) fin219 affects far-red induction of the CHS
and CAB genes. Ten micrograms of total RNA was isolated
from 3-day-old dark-grown seedlings that had been exposed to
far-red light or kept in darkness for 2 hr. The membrane was
hybridized with CHS and CAB3 probes. The stained RNA gel
was photographed and the 25S rRNA bands are shown as an
equal loading control.
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into two BamHI DNA fragments of 5.1 and 7.2 kb. Both
fragments were used to rescue the fin219 far-red-specific
long hypocotyl phenotype and only the 5.1-kb BamHI
fragment was able to do so (Fig. 4B; see Materials and
Methods). This 5.1-kb BamHI fragment was used to
screen a cDNA library and recovered a total of 15 cDNA
clones encoding the same gene. One cDNA clone, M11-
2, containing the longest insert (∼1.8 kb), and the 5.1-kb
BamHI genomic fragment were sequenced completely.
Comparison of these sequences revealed that this frag-
ment contains only one transcribed region, which con-
tains five exons and four introns (Fig. 5B). Therefore, this
gene is most likely the FIN219 locus. A detailed analysis
of the fin219 mutant indicated that it is an epigenetic
mutation due to an altered methylation pattern (data not
shown) and reduced expression in the light (Fig. 6A). Fur-
thermore, the fin219 mutation has no detectable effect
on the expression pattern of an adjacent gene SPA1
(Hoecker et al. 1998, 1999), a negative regulator of the
phytochrome A pathway (data not shown).
fin219 is a suppressor mutation of cop1-6
To further confirm that the fin219 mutation was largely
responsible for suppression of the cop1-6 phenotype, the
same 5.1-kb BamHI DNA fragment covering the FIN219
locus was introduced into the original suppressor line
(2A9), as well as the backcrossed suppressor line (see Fig.
1A, c,d). When germinated in darkness, T2 progenies
from multiple single-insertion locus lines in both
complementation tests segregated up to one-fourth cop1-
6-like mutant phenotypes (Fig. 4C; see Materials and
Methods). The fact that introduction of the FIN219 locus
resulted in rescue of the suppressor phenotype confirms
that fin219 is the responsible suppressor mutation in
this line.
FIN219 is a GH3-like protein and its expression
is rapidly auxin inducible
The cDNA sequence revealed a 575-amino-acid ORF
with a predicted protein of ∼64.3 kD in size. Comparison
with known sequences in the database revealed that
FIN219 is most closely related to a GH3-like protein,
with an overall 47% identity and 66% similarity (Fig.
5C). The GH3 protein was first identified from soybean
as an early auxin-responsive gene (Hagen et al. 1984,
1991). However, the function of GH3 is not known. In
Arabidopsis, a family of at least six other GH3-like pro-
teins share 37%–39% identity with FIN219. Computer
analysis also revealed putative coiled–coil domains in
both amino- and carboxy-terminal regions of the pre-
dicted FIN219 protein (COILS, v. 2.1, A.N. Lupas, Hu-
man Genome Center, Baylor College of Medicine, Hous-
ton, TX).
As the FIN219 protein shows strong homology with
GH3 proteins, which were defined as early auxin-induc-
ible genes in soybean (Hagen et al. 1984), we examined
whether auxin regulates its expression. Three biologi-
cally active auxin compounds (IAA, NAA, and 2,4-D)
have the same effect on FIN219 expression, and the re-
Figure 4. Genetic interaction of fin219 and fhy1 and pheno-
typic rescue of the mutant phenotype. (A) Genetic interaction
between fin219 and fhy1.( a) Wild-type Columbia; (b) fin219
heterozygote in Columbia background; (c) fhy1 heterozygote in
Landsberg background; (d) fin219/+;fhy1/+ transheterozygote;
(e) fin219 homozygous in Columbia background; (f) fhy1 homo-
zygous in Landsberg background. All the seedlings were grown
under continuous far-red light for 3 days. (B) Functional rescue
of fin219. The fin219 mutants were transformed with a 5.1-kb
BamHI DNA fragment containing the FIN219 gene. The trans-
genic T2 seedlings grown under far-red light for 3 days segre-
gated long, intermediate, and short hypocotyls in the T2 gen-
eration with the expected ratio (1:2:1 for single-locus lines). The
representative transgenic seedlings (middle three), wild type
(right), and fin219 parental mutant (left) are shown. For each
seedling, the junction between the hypocotyl and the root is
marked by an arrowhead. Complementation tests of the back-
crossed suppressor mutant (C) and the original suppressor line
(D) were transformed with the 5.1-kb genomic DNA fragment
containing the FIN219 gene. In both cases, two representative
segregating transgenic T2 seedlings (middle and right) are
shown together with the suppressor seedlings (dm in C; 2A9 in
D). All seedlings were grown in the dark for 4 days. Only ∼5%–
25% of the T2 progeny in the single-locus transgenic lines ex-
hibited a short hypocotyl (rescued) phenotype (C,D,right),
which shows indistinguishable phenotype from the cop1-6 mu-
tant seedlings. For each seedling, the position of hypocotyl and
root junction is marked by an arrowhead.
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FIN219 expression was rapidly auxin-inducible and in-
creased only 10 min after addition of auxin. It takes ∼90
min to 2 hr to reach the maximal level. Also similar to
early auxin-inducible genes (Franco et al. 1990; Roux and
Perrot-Rechenmann 1997), FIN219 is inducible by cyclo-
heximide. However, the effects of auxin and cyclohexi-
mide are not additive. This result suggests that a highly
Figure 5. Positional cloning and molecular characterization of FIN219.( A) Positional cloning of FIN219. Genetic mapping first
located the gene on the lower arm of chromosome 2 between SSLP marker AthBio2 and CAPS marker 90J19T7. The arrow points to
the telomere on the bottom arm of chromosome 2. First-round analysis of recombinant lines positioned the gene within the over-
lapping region of CIC10H6 and CIC5C4. Further mapping of the gene using overlapping BAC clones covering the region located the
gene within a single BAC clone (TAM7G15). Overlapping binary cosmid clones were constructed using this BAC clone to transform
fin219 mutants. Two cosmid clones (nos. 36 and 42) rescued the mutant phenotype. The overlapping region between clones 36 and 42
was dissected further into 5.1- and 7.2-kb BamHI fragments and used for functional rescue again. Only the 5.1-kb BamHI fragment
complemented the mutant fin219.( B )BamHI; (H) HindIII; (Xb) XbaI. FIN219 is located between SPA1 and an unknown gene,
F11C10.7.( B) Diagram of the 5.1-kb BamHI fragment, which contains one transcribed region with five predicted exons and four
introns. The locations of the initiation codon (ATG) and stop codon are indicated by stars. (C) Sequence alignment of FIN219 (accession
no. AF279129) and a GH3-like protein (accession no. AF071527.1) from Arabidopsis. Identical residues of these two proteins are shown
in shaded boxes.
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auxin might regulate FIN219 expression.
FIN219 is a cytoplasmic protein
To determine the subcellular localization of FIN219, a
FIN219 full-length cDNA was fused in frame to the car-
boxyl terminus of GUS (GUS–FIN219) and introduced
into plant cells via both transient expression and stable
transformation. When introduced into onion cells by
particle bombardment, GUS–FIN219 was located in the
cytoplasm both in darkness and in the light (Fig. 7A, a,b).
As reported previously (von Arnim and Deng 1994), un-
der the same conditions, GUS–COP1 was nuclear local-
ized in darkness and cytoplasmically localized in the
light (Fig. 7A, e,f). The control, GUS–NIa, was constitu-
tively nuclear localized (Fig. 7A, c,d). Supporting the
transient result, examination of stable transgenic lines
carrying GUS–FIN219 also revealed cytoplasmic local-
ization in both light- and dark-grown seedlings (Fig. 7B,
a,b). Again, stable transgenic GUS–NIa seedlings exhib-
ited constitutive nuclear localization (Fig. 7B, c,d).
Taken together, our results suggest a constitutive cyto-
plasmic localization of the FIN219 protein.
FIN219 overexpression results in far-red
hyperphotomorphogenic response
To further substantiate our conclusion that FIN219 acts
in phytochrome A-mediated FR-HIR, an overexpression
construct driven by the 35S promoter was made and in-
troduced into wild-type Columbia. Homozygous lines
from multiple single-locus transgenic lines were selected
and their phenotypes analyzed. Although no obvious
phenotype was found in high-intensity continuous far-
red, red, and blue light, the overexpressor lines exhibited
significantly shorter hypocotyls only under low-inten-
sity continuous far-red light. Figure 8 illustrates this ef-
fect with a representative FIN219 overexpressor line in
comparison to wild type, phyA, and fin219. In the light
intensity range we examined, phyA mutants exhibit the
same hypocotyl length, indicating that phytochrome A
is an essential photoreceptor mediating FR-HIR. We also
noted that FIN219–GUS transgenic lines exhibited the
same overexpressor phenotype under low-intensity far-
red light, further indicating that its cytoplasmic local-
ization is biologically relevant. As these FIN219–GUS
lines are clearly overexpressing the fusion protein due to
their high GUS staining activity, the observed far-red-
Figure 6. FIN219 mRNA expression and its auxin regulation.
(A) FIN219 expression is reduced in light-grown fin219 mutants.
Equal amounts of total RNA from 7-day-old dark- and light-
grown wild-type (wt) and fin219 mutant (mut) seedlings were
loaded in each lane. (B) Time course of expression of FIN219
mRNA induction by auxin. Seven-day-old seedlings grown in
light were transferred to a liquid medium in the presence of 10
µM NAA. (C) Similar auxin induction test as in B w i t h2o r4h r
after addition of auxin. The effect of 70 µg/ml cycloheximide
and NAA alone, or together, was tested.
Figure 7. FIN219 is a cytoplasmic protein. (A) Local-
ization of FIN219 in onion cells in a transient assay.
Constructs encoding either GUS–FIN219 (a,b), GUS–
NIa (c,d), or GUS–COP1 (e,f) were introduced into on-
ion cells by particle bombardment. The onion cells
were incubated in complete darkness (a,c,e) or under
continuous white light (b,d,f) after bombardment for 2
days, stained for GUS activity, and then mounted
whole in the presence of DAPI. The bottom each
panel shows DAPI staining of the same cells to visu-
alize the position of the nucleus (arrow). Scale bars,
100 µm in a–f.( B) Localization of FIN219 in stable
transgenic plants. GUS–FIN219 (a,b) and GUS–NIa
(c,d) staining patterns in root tips are shown. (a,c)
Dark-grown seedlings; (b,d) light-grown seedlings.
The bottom of each panel shows DAPI staining of the
same field to visualize the position of the nucleus
(arrow). Scale bars, 100 µm in a–d.
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gain-of-function phenotype. Therefore, the overexpres-
sion of FIN219 results in the anticipated opposite effect
of the loss-of-function fin219 mutation.
Discussion
This report describes the identification and characteriza-
tion of a new light regulatory component, FIN219.
FIN219 was isolated as a suppressor of the weak cop1-6
mutation and was shown to be a phytochrome A signal-
ing component. Thus, it is possible that FIN219 has a
crucial role in phytochrome A-mediated FR inactivation
of COP1 and in promoting photomorphogenesis. The
fact that FIN219 expression is auxin inducible implies
molecular cross talk between auxin response and light
regulation.
A critical window of COP1 function during seedling
development
Because cop1-6 is a temperature-sensitive mutation and
in darkness develops photomorphogenically at 22°C but
etiolates normally at 30°C, it was used to test the tem-
poral requirement of COP1 during seedling developmen-
tal switch. By performing temperature shift tests, we
were able to conclude that the first 2 days during Arabi-
dopsis seedling development are critical for COP1 activ-
ity. The seedling developmental pattern is essentially
determined by COP1 activity during that 2-day period.
Alteration of COP1 activity after this 2-day period has
little effect on the predetermined developmental pro-
gram. This insight has facilitated our design of an extra-
genic modifier mutant screen on 3-day-old dark-grown
seedlings, a stage at which dark-grown cop1-6 mutants
can still green and survive after transferring to white
light (Ang and Deng 1994). This finding also provided an
important basis for the future understanding of the mo-
lecular mechanism of COP1 action.
FIN219 is involved in light inactivation of COP1
activity
The fact that the FIN219 locus introduced into the sup-
pressor strain resulted in rescue of the suppressor phe-
notype indicated that fin219 is the suppressor mutation.
As fin219 behaved dominantly in suppressing the cop1-6
mutation but was unable to suppress other cop1 mutant
alleles (data not shown), it is reasoned that FIN219 may
be involved in negatively regulating COP1 activity. In
the cop1-6 background, the partial reduction of FIN219
activity in heterozygotes results in a sufficient increase
of COP1 activity above a necessary threshold level, thus
inducing a wild-type-like phenotype with respect to hy-
pocotyl elongation. In addition, the null cop1-5 mutation
is completely epistatic to the fin219 mutation, indicat-
ing that COP1 acts downstream of FIN219. The fact that
the fin219 mutation can cause suppression of the cop1-6
phenotype in darkness would indicate that FIN219 pos-
sesses basal level activity toward COP1 even in darkness
or absence of phytochrome activation. Presumably light
activation of phytochrome would lead to higher FIN219
activity. However, our present data could not exclude
other possible explanations.
FIN219 is a new component of the phytochrome A
signaling pathway
FIN219 represents a novel locus whose mutation results
in a long hypocotyl only in far-red light. So far, it has
been reported that four other mutants, fhy1, fhy3
(Whitelam et al. 1993), far1 (Hudson et al. 1999), and fin2
(Soh et al. 1998), also exhibit a far-red-specific phenotype
similar to that of phyA mutants. It is possible, therefore,
that those genes somehow work together to inactivate
COP1 and mediate far-red light inhibition of hypocotyl
elongation (Fig. 8B). Although all of these mutants ex-
hibit a far-red-specific long hypocotyl phenotype, there
are subtle distinctions in other phytochrome A-regulated
responses. For example, unlike FHY1 and FHY3, FIN219
is not involved in the far-red block of greening. There-
fore, it is possible that different combinations of signal-
Figure 8. (A) Overexpression of FIN219 results in hypersensi-
tivity to far-red light. Wild-type (WT), phyA, fhy1,a n dfin219
mutant, and FIN219 overexpressor (OE) seedlings grown under
0, 1.5, 10, 50, and 200 µmoles/m
2 per sec of continuos far-red
light were used to measure hypocotyl length. Each data point
represents the average of 20 seedlings. Error bars represent stan-
dard deviations. (B) Diagram indicating the hypothetical rela-
tionship of FIN219 and other known components involved in
phytochrome A-mediated far-red light inactivation of COP1 and
photomorphogenesis. Phytochrome A can promote photomor-
phogenesis through other pathways independent of COP1 (bro-
ken lines). (See text for details.)
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A-mediated processes.
Strong nonallelic noncomplementation between
fin219 and fhy1 further supports the notion that FIN219
is a phytochrome A signaling component. Nonallelic
noncomplementation is considered a hallmark for genes
whose products act closely within the same pathway and
most likely interact directly. For example, in Dro-
sophila, mutations in - and -tubulin genes have been
described as nonallelic noncomplementing (Fuller et al.
1989). In that case, - and -tubulin were shown to in-
teract physically to assemble into functional microtu-
bules. However, mutations in - and -tubulin genes are
strictly recessive. As our fin219 mutation is slightly
semidominant and results from altered methylation in
the promoter region (H.-L. Hsieh and X.-W. Deng, un-
publ.), this interpretation of our genetic interaction re-
mains to be tested once the FHY1 gene is cloned. Nev-
ertheless, this result suggests that FIN219 and FHY1
may act in the same pathway.
Among far-red-specific long hypocotyl loci, FAR1 is
the only downstream regulator whose molecular iden-
tity has been reported and shown to encode a novel
nuclear protein. Interestingly, our molecular study of
FIN219 indicates that it is a cytoplasmic protein. The
fact that the two cloned phytochrome A-specific signal-
ing components defined by similar far-red-specific long
hypocotyl phenotypes are nuclear in one case (FAR1) and
cytoplasmic in the other (FIN219) suggests that phyto-
chrome A signaling entails specific components that ex-
ist in both the nucleus and the cytoplasm. Further mo-
lecular characterization of other far-red-specific long hy-
pocotyl loci should provide a foundation for which to
examine the molecular and biochemical interaction and
regulation of those components.
A possible link between auxin response
and photomorphogenesis
FIN219 is highly similar to a family of proteins defined
by the soybean early auxin-inducible gene GH3.T h e
identity of FIN219 to Arabidopsis GH3-like proteins
ranged from 37% to 47%. More importantly, similar to
GH3, FIN219 expression is also rapidly inducible by
auxin. It is possible, therefore, that through regulating
FIN219 expression, auxin may affect the light regulation
of development. Similar to a recent report documenting
cross talk between phytochrome signaling and auxin re-
sponse (Tian and Reed 1999), our data provided yet an-
other case. Auxin is capable of regulating many aspects
of plant development, including inhibition of root elon-
gation, promotion of hypocotyl and stem elongation,
root and shoot gravitropism, promotion of lateral root,
adventitious root and root hair formation, and mainte-
nance of apical dominance (Estelle and Klee 1994). A
careful examination of the fin219 mutant in the presence
and absence of auxin did not reveal notable alteration in
its auxin-regulated processes when compared to wild
type; thus, it is unlikely that FIN219 is itself an auxin-
signaling component. Therefore, this is a likely case in
which auxin was used to regulate a light signaling com-
ponent expression level. It is feasible that molecular
cross talk such as this has been developed during evolu-
tion to closely coordinate phytochrome signaling and
auxin regulation. With this sort of cross talk, it is pos-
sible that cell- or tissue-specific alterations in auxin may
be reflected in changes of FIN219 expression, which in
turn result in altered COP1 activity and, thus, develop-
mental pattern regulation.
Materials and methods
Plant materials and growth conditions
cop1-6, the derived fin219 and the fhy3 mutant used in this
study are in the Arabidopsis thaliana Columbia ecotype. Three
other mutants, phyA-1 and fhy1 (Whitelam et al. 1993), and the
putative null phyB-1 (Koornneef et al. 1980; Reed et al. 1993) are
in the Landsberg erecta ecotype. Surface sterilization and cold
treatment of the seeds and seedling growth under different light
sources were described previously (Ang and Deng 1994). Con-
tinuous far-red light of ∼200 µmole/m
2 per sec was obtained
from far-red fluorescent tubes (FL20S.FR-74; Toshiba, Japan),
filtered through a one-fourth-inch-thick acrylic plate (FRF700;
Westlake, PA1). The remaining light sources used for the ex-
periments were described by McNellis et al. (1994a), and the
light intensities of red or blue light used for the experiments
were ∼30 and 50 µmole/m
2 per sec, respectively. Arabidopsis
seedlings were grown on GM agar plates containing 0.3% su-
crose for mutant screening and hypocotyl length measurement
studies. Chlorophyll determination and RNA induction analy-
ses were performed with seedlings grown on GM plates without
sucrose, and germination experiments were performed on aque-
ous medium as described by Shinomura et al. (1994). For hypo-
cotyl length measurement, an average of 30 seedlings were
placed on the surface of GM plates and measured under the light
microscope. Chlorophyll and anthocyanin content were deter-
mined based on methods described previously (Deng and Quail
1992).
Mutagenesis and genetic screen
Dry cop1-6 seeds were mutagenized with 0.3% EMS for 16 hr.
After extensive washing, the mutagenized seeds were sown in
soil pots and grown in isolation in Conviron growth chambers
to avoid contamination by stray seeds. A total of 4670 M1 plants
survived the mutagenesis treatment and matured to set seeds.
M2 seeds were harvested in batches of ∼50 M1 plants each. M2
seeds were grown in darkness at 22°Cf o r3d a y so nG Mp l a t e s
and screened for suppressor phenotype. At 3 days, the cop1-6
parental lines developed open cotyledons and short hypocotyls.
The suppressors of cop1-6 stood out from the cop1-6 seedlings
with their elongated hypocotyls, closed cotyledons, and apical
hooks resembling wild-type seedlings. The putative suppressor
seedlings were transferred to white light for greening before
they were potted and grown for setting seeds. Only those sup-
pressor lines that exhibited the same phenotype in subsequent
generations were subjected to further genetic tests outlined be-
low.
Genetic analyses
To determine if the suppressor mutations were intragenic or
extragenic, the double homozygous mutants were outcrossed to
wild type. The segregation ratio of wild type to cop mutants in
FIN219, a new light-regulatory component
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days. For extragenic and unlinked recessive suppressor muta-
tions, the expected ratio of wild type to cop mutants is 15:1. A
lower ratio would be expected if the suppressor mutation and
cop1 were linked, with an extreme 3:1 ratio for an intragenic
suppressor mutation. For dominant suppressors, a 3:1 ratio
would be observed for unlinked mutations and a lower ratio for
linked mutations, with an extreme of 1:3 for an intragenic sup-
pressor.
To verify if the suppressor mutations were monogenic or mul-
tigenic, the double homozygous mutants were backcrossed to
cop1-6 homozygotes. For monogenic mutations, the expected
segregation ratios of wild-type to cop seedlings in the F2 gen-
eration are 3:1 and 1:3 for dominant and recessive suppressors,
respectively. Alternatively, if two unlinked genes were in-
volved, the expected ratios of wild type to mutant would be
15:1, 13:3, and 7:9 for two recessive mutations, a dominant and
a recessive mutation, and two dominant mutations, respec-
tively. The dominance or recessiveness of the suppressor mu-
tations can be determined in F1 progeny of the same crosses
depending if the heterozygous suppressor mutations can sup-
press the cop1-6 homozygote phenotype.
To discover the number of loci the 26 mutations define, pair-
wise complementation tests among the 26 extragenic suppres-
sor mutations were performed. The F1 progeny of these comple-
mentation crosses were grown in darkness for 3 days before
their seedling phenotypes were scored to determine allelism.
Allelism between two recessive suppressor mutations can be
determined in the F1 generation depending on whether or not
they can complement each other. In cases where one or both
suppressor mutations are dominant, allelism can only be deter-
mined in the F2 generation.
RNA and protein blot analyses
In most cases, total RNA was isolated from 3- to 6-day-old seed-
lings grown under desirable conditions using the Qiagen RNe-
asy Plant Mini prep kit. For auxin-induced gene expression
study, 1-week-old white light-grown seedlings were transferred
to a liquid medium consisting of 4.3 mg/ml MS basal salt mix-
ture (Sigma) and 10 mM PIPES (pH 6.0) in the presence of 10 µM
NAA and/or 70 µM cyclohexamide. The seedlings were incu-
bated at room temperature with gentle shaking for different
time points as indicated, harvested, and frozen immediately
with liquid nitrogen. Ten micrograms of total RNA was loaded
on the gel and blotted to the membrane. For FIN219 expression
in the fin219 mutant, 7-day-old dark and white light-grown
wild-type (Columbia) and mutant seedlings were used for RNA
extraction.
The FIN219 probe was made by in vitro transcription using
MAXIscript T7/T3 kits from Ambion. The CHS riboprobe was
derived from a 0.9-kb EcoRI fragment containing the Arabidop-
sis CHS coding region (Deng et al. 1991) cloned into Topo 2.1
vector (Invitrogen). The CAB probe was a 0.5-kb BamHI–SacI
fragment of the CAB3 coding region (Deng et al. 1991), labeled
by random priming. All hybridizations and washing conditions
were done according to a standard method (Sambrook et al.
1989). Equal loading of the RNA was verified by ethidium bro-
mide staining as well as by rehybridizing the blots with an 18S
rDNA probe (Deng et al. 1991).
The protein blot analysis was done according to procedures
described (Parks and Quail 1993; Ang et al. 1998).
Positional cloning of FIN219 and sequence analysis
For generating the mapping population, the derived fin219 mu-
tant (in Columbia background) was crossed to the Landsberg
ecotype. Long hypocotyl seedlings under far-red light were se-
lected in the F2 generation and selfed for seeds. A total of 1154
recombinant chromosomes were used for fine-mapping analy-
ses by using SSLP, CAPS, cosmids, BACs, and YAC end frag-
ment markers available for chromosome II. After the FIN219
gene was located to BAC clone T7G15, a cosmid transformation
library was constructed by introducing partially digested DNA
fragments (15–40 kb) from T7G15 into the ClaI site of a binary
cosmid vector, p04541 (Jones et al. 1992). A cosmid contig over
T7G15 was established, and three cosmid clones (nos. 36, 39,
and 42) covering the predicted FIN219 locus (based on the re-
combination breakpoints) were transformed into Agrobacte-
rium strain GV3101 by electroporation. The cosmid DNAs from
the transformed Agrobacterium strains were subjected to re-
striction digestion analysis to confirm that no rearrangement of
cosmids had occurred in Agrobacteria. Subsequently, the agro-
bacteria with constructs 36, 39, and 42 were used for stable
transformation and functional rescue of the fin219 mutants by
vacuum infiltration. In addition, BamHI fragments (36B3 and
36B2) of the overlapped region of cosmid clones 36 and 42 were
cloned further into the BamHI site of the binary transformation
vector pPZP221 (Hajdukiewicz et al. 1994) and then trans-
formed into fin219 mutants. Cosmid transgenic seedlings were
selected with kanamycin (50 µg/ml), whereas transgenic seed-
lings for constructs 36B3 (5.1 kb) and 36B2 (7.2 kb) were selected
with gentamycin (100 µg/ml). A total of 10, 12, and 32 indepen-
dent lines were examined for phenotypic rescue using con-
structs 36, 39, and 42, and 7, 0, and 21 of those lines displayed
complementation of the fin219 phenotype, respectively. For
constructs 36B3 and 36B2, 53 and 43 independent transgenic
lines were obtained. Examination of the T2 generation progeny
indicated that 25 and 0 of them show functional rescue of the
fin219 mutant phenotype, respectively. The same 36B2 con-
struct was also used to transform into the original suppressor
line (2A9) and the backcrossed suppressor lines. In each case, at
least five independent transgenic lines were analyzed and con-
firmed the phenotype rescue (Fig. 4C,D). All DNA isolation and
Southern hybridization during the process of chromosome
walking were carried out according to standard methods (Sam-
brook et al. 1989).
The 5.1-kb BamHI fragment that complemented the mutant
fin219 was used to screen the cDNA libraries (CD4-13 through
CD4-16) obtained from Arabidopsis Biological Resource Center
(ABRC). Fifteen clones were selected using this 5.1-kb BamHI
fragment and derived from the same gene. The longest cDNA
insert (∼1.8 kb) was used for detailed sequence analysis. At the
same time, the 5.1-kb genomic DNA fragment that was capable
of rescuing the fin219 phenotype was also sequenced.
Subcellular localization of the GUS–FIN219 fusion protein
To construct the GUS–FIN219 fusion protein, FIN219 cDNA
was amplified by use of primers 5-GGATCCAGATCTATGT-
TGGAGAAGGTTGA-3 and 5-GGATCCAGATCTAAAGA-
CAACAACGACGGA-3 and subcloned into the BglII site of
pRTL2–GUS/NIa plasmid to replace NIa. The constructs con-
taining either GUS fused to FIN219 cDNA or GUS sequence
alone were used directly for transient assays in onion cells by
particle bombard (von Arnim and Deng 1994). GUS–COP1 and
GUS–NIa were described previously (von Arnim and Deng
1994). For stable transformations, the PstI DNA fragments were
released from pRTL2–GUS/NIa or pRTL2–GUS–FIN219 con-
structs and ligated into the binary vector pPZP221, which had
been digested with PstI. The resulting constructs were used to
transform Arabidopsis (Columbia) via agrobacteria. A total of
13 GUS–FIN219 transgenic lines were generated, and three
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and hypocotyl phenotype. The same results were obtained from
all lines examined. GUS staining of the homozygous T2 trans-
genic seedlings was performed as described (von Arnim and
Deng 1994).
Construction of FIN219 overexpressor lines
The full-length cDNA clone was released as a BamHI–SacI frag-
ment from the original vector (M11-2) and inserted into the
binary transformation vector pPZPY122. Thus, the FIN219 ORF
was driven by the strong 35S promoter. The construct was
transformed into wild type (Columbia) plants via agrobacteria.
A total of 20 lines were generated and 3 representative single-
locus lines were selected for detailed phenotypic studies. Ho-
mozygous T2 or T3 transgenic seedlings for those selected lines
were used for phenotype study under different light conditions.
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Note added in proof
While this paper was under review, another gene, PAT1, also
involved in phytochrome A signal transduction was cloned
from Arabidopsis by Cordelia Bolle, Csaba Koncz, and Nam-Hai
Chua. This paper is published in Genes & Development
14: 1269–1278 (2000).
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